Nanocrystals can behave as quantum boxes with confined electronic states governing their optoelectronic properties. The formation of nanometer-size crystals of copper nitride (Cu 3 N) grown by nitrogen sputtering of a Cu (110) surface is reported. Scanning tunneling spectroscopy shows that the nanocrystals exhibit a series of well-defined sharp electronic resonances, which correspond to confined free-electron-like states. We observe that electrons from a scanning tunneling microscope tip induce the emission of light with a larger efficiency than on the bare metal surface. The spectral analysis of the emitted photons reveals various radiative inelastic pathways enabled by the confined states, which explain the enhanced light emission. Thus, the Cu 3 N nanocrystals can be employed as nanometer-size light sources.
Semiconductor nanocrystals are potential sources for optoelectronic devices with size-dependent optical properties. Their coupling to light is enhanced by the proximity to high plasmonic fields such as those localized in rough surfaces or in metal nanoparticles [1, 2] . Therefore, the interface with the metallic source of localized plasmons is critical because it needs to keep sufficient degree of electronic localization in the optically active nanocrystal and still allow electromagnetic coupling between metal and semiconductor nanostructures. Optimal integration of nanocrystals into optoelectronic devices would have a maximum coupling in contact to the metallic environment, which would also allow electrical currents to be used for excitation of optical emission. However, in this case, fast electron transitions between nanocrystal and metal environment are expected to lead to the quenching of the optical efficiency [3] .
Here, we report the in situ growth of copper-nitride nanocrystals partly embedded in a copper surface, which show enhanced electroluminescence efficiency relative to its metallic environment. Bulk copper nitride (Cu 3 N) is a semiconducting material, with an experimentally determined band gap ranging between 0.8 to 1.9 eV [4] . One-atom-thick layers of copper nitride (i.e., Cu 2 N) can be grown by N + sputtering on single-crystal Cu substrates [5] [6] [7] [8] . The insulating properties of a single atomic layer of copper nitride have been used to decouple single atomic spins from an underlying metallic Cu(100) surface for scanning tunneling microscope (STM) characterization [9] . We find that the extended exposure of a Cu(110) surface to high energy N + ions leads to the formation of three-dimensional nanometer-size crystals of Cu 3 N, partially embedded into the surface of the copper substrate.
For the characterization of the nanocrystals' electro-optical properties we used scanning tunneling luminescence [10] . This technique allows direct comparison of optical spectra and quantum efficiencies with the electronic structure of the objects. Tunneling electrons through a quantum object can undergo radiative inelastic transitions between localized electronic states, mediated by the excitation of plasmon modes localized at the tunnel junction [10] [11] [12] . Tunneling electroluminescence has been applied to investigate electrooptical properties of nanostructures such as semiconducting quantum dots [13, 14] , metal nanoparticles [15] , metallic quantum wells [16] [17] [18] , or organic molecules [19] [20] [21] [22] .
We find that tunneling luminescence shows a larger quantum efficiency on the embedded copper-nitride nanocrystals than on the bare surface around them. The spectral analysis of the emitted light allows us to interpret this phenomenon as simultaneous radiative pathways enabled by the survival of localized resonances in the nano-object, proving in this way that sufficient degree of electron confinement persists in the semiconductor quantum box.
I. EXPERIMENTAL DETAILS
The experiments were performed in a custom-built lowtemperature (5 K) scanning tunneling microscope (STM), combined with dynamic atomic force microscopy (AFM) using a qPlus sensor [23] , operating in ultrahigh vacuum. Light emitted from the STM junction was collected and focused into the entrance slit of a grid spectrometer (Acton Research Corporation SP150) coupled to a liquid-nitrogencooled silicon charge-coupled device (CCD) camera (Spec-10, Princeton Instruments). The detected spectral range is 400 nm to 1000 nm.
We estimate the total quantum efficiency from the integral of the light emission spectra normalized by the electron current, I t , and by the acquisition time, t. The resulting value is multiplied by a factor of 30, accounting for the small solid angle of our detection setup. This value refers only to the narrow spectral window of our detector.
Cu 3 N nanocrystals were grown by exposing an atomically clean Cu(110) substrate to a 600 eV N + ion sputtering current (I = 10 μA) for three minutes, with 1 × 10 −4 N 2 partial pressure, 700 eV beam energy, and sputtering current exceeding I = 10 μA. The sample temperature was kept at 700 K. After further annealing at this temperature for two minutes the sample was cooled down and inserted into the low-temperature STM.
II. RESULTS AND DISCUSSION
Figure 1(a) shows an STM overview of the Cu(110) surface upon nitriding. The surface appears mostly covered by a copper-nitride monolayer (Cu 2 N), exhibiting a characteristic striped superstructure due to the different matching periodicity of layer and surface [ Fig. 1(d) ] [24] . In addition, rectangular objects with apparent height of a few angstroms and lateral sizes between 8 and 30 nm appear embedded in the Cu 2 N network [ Fig. 1(a) ]. These objects may appear pinning step bunches, and sometimes even buried under the surface [see Fig. 2(a) ]. They also have a different electronic structure than the surrounding Cu 2 N (see below). These facts suggest that these objects have a three-dimensional structure, which is embedded within the copper surface.
A. Structure of the nanocrystals
To find out the nature of these objects, we elucidated their structure using combined STM and AFM measurements. Atomically resolved images of the surface of these objects [Figs. 1(b) and 1(c)] show that their topmost facet exhibits a square lattice with unit cell vector of 3.75Å, fitting with the atomic structure of the (100) surface of a Cu 3 N crystal [shown sche-matically in Fig. 1(e) ] [25] . This is the same atomic structure as Cu 2 N layers grown on the Cu(100) surface, and also is close to the structure of the nitride layer grown on the bare Cu(110) surface, however without the characteristic ripple (Fig. 1) . Hence, we identify them as three-dimensional nanocrystals of copper nitride (Cu 3 N) [25] .
The 3D growth of Cu 3 N is kinetically facilitated at elevated temperatures, when the energy and the flux of N + ions are sufficiently large to allow crystal nucleation into the Cu bulk [8] . The density of Cu 3 N nanocrystals on the Cu 2 N/Cu(110) surface can be tuned by varying the growth parameters such as N + ion sputtering current, sputtering time, or substrate temperature.
The nanocrystals are partly embedded inside the copper bulk and protrude for several angstroms above the sample [ Fig. 2(a) ]. The exposed surface of the nanocrystals generally presents a curved-like topographic shape, as resolved by STM and AFM profiles [ , suggesting that the topmost layer of both areas is commensurate in a continuous nitride film covering the nanocrystal. In fact, Cu 2 N monolayers on Cu(110) have been proposed to be a precursor state for Cu 3 N crystal growth on Cu(110) surfaces [26] .
Summarizing the structural analysis of these nano-objects, we identify them as three-dimensional nanoclusters of copper nitride partially buried in the copper surface with their (100) facet close to perpendicular to the surface and covered by a extended atomic-thick nitride layer.
B. Electronic configuration
An interesting aspect of these semiconductor nanocrystals is that they enclose a set of discrete unoccupied electronic levels, which potentially makes these nanoparticles interesting for optical applications. First, in Fig. 3 , we compare dI/dV spectra measured on a nanocrystal and on the bare Cu 2 N layer. The spectrum on the layer exhibits two broad resonances (S 1 and S 2 ) at about 1.8 eV and 3.8 eV, which were previously attributed to free-electron-like surface states of the nitride layer [27, 28] . On the Cu 3 N nanocrystals, the dI/dV s spectra show similar resonances S 1 and S 2 as those found on the Cu 2 N layer, but much shaper, slightly shifted, and each of them accompanied by a characteristic substructure, labeled as S 1 and S 2 .
Wider range spectra such as the one in Fig. 4 shows that the nanocrystals also exhibit a lower-lying resonance, labeled QW in the spectrum shown in Fig. 4 . The energy position of the QW state is here 0.05 eV above E f , but it varies in the range between −0.1 and 0.8 eV depending on the crystal. We found no correlation of the QW alignment with the width of the crystal. Therefore, we interpret it as a state vertically confined within the nanocrystal, with its energy position depending on the vertical dimension of the embedded crystal.
Interestingly, the QW state appears with a characteristic substructure in its high-energy tail. To identify its origin, we set the applied bias at various energies along the resonance's tail and measure spatial maps of the dI/dV s signal, shown in 100 meV higher energy a substantially different feature with a nodal plane appears. These patterns are characteristic of lateral electron confinement. Hence, we attribute the substructure above the QW onset to the discrimination of this state due to the finite lateral sizes of the crystal.
Maps of the dI/dV amplitude of resonances S 1 and S 2 reveal that each of the two states appearing as a substructure [S 1 -S 1 and S 2 -S 2 in Fig. 3 ] is imaged with different spatial extensions within the nanocrystal [ Fig. 5(b) ]. The lower of each doublet covers the whole area of the crystal, whereas the higher one appears localized in a smaller region. We suspect that this specific difference in the extension might reflect that the lower of each state (S 1 and S 2 ) corresponds to the Cu 2 N overlayer state covering the crystal, and the higher one (S 1 and S 2 ) to an interface state of the crystal underneath. The sharper line shape of the S 1 and S 2 states with respect to those equivalent on the bare nitride layer (Fig. 3) can be interpreted as a larger electronic decoupling due to the presence of a nitride nanocrystal underneath.
C. Electroluminescence of the nanocrystals
The set of discrete electronic resonances in the embedded copper-nitride nanocrystals confers on them interesting electroluminescent properties. We have detected the light emitted from the nanocrystals during electron tunneling using the optical setup coupled to our low-temperature STM. Figure 6 (a) compares a light emission (LE) spectrum on the Cu 3 N nanocrystal presented in Fig. 3 with two reference spectra obtained with the same STM tip on nearby Cu(110) and Cu 2 N areas, respectively. For an applied bias of 1.6 V we observe a sharp cutoff at hν = 1.6 eV, above which no photons are detected due to energy conservation. The intensity of the light emitted from the nanocrystal per tunneling electron, I (hν), is larger than from either the bare surface or the Cu 2 N layer. The quantum efficiencies obtained from Fig. 6 (a) are 1.6 × 10 −6 , 1.0 × 10 −6 , and 0.8 × 10 −6 for the Cu 3 N nanocrystal, Cu 2 N layer, and Cu(110), respectively. These results show that for this applied bias, light emission from the nanocrystal is about 1.6 times more efficient than from the Cu 2 N layer and has twice the efficiency of light from the bare copper surface.
The LE spectra show marked features associated with plasmon modes localized at the tunneling junction [4] . These cavity plasmon modes depend on details of the tip-apex structure and, therefore, change as the tip is modified. To extract quantitative information from the spectra, we normalized all photon intensity spectra I (hν) by a reference spectrum I ref (hν) measured for each given tip on the bare surface and with Photon energy (eV) Cu(110) applied bias above the spectral range of the photon detection (e.g., 3 eV; see the Appendix). The resulting spectral yield function, defined as Y (hν) = I (hν)/I ref (hν), can be used to compare spectra acquired with different currents and is not sensitive to the tip structure.
The spectral yield of the data in Fig. 6(b) shows now smoothly decreasing functions going to zero at the photon energy corresponding to the applied bias (V s = 1.6 V). On the nanocrystal, the photon yield is larger, but the spectrum has a different cutoff energy. These effects are more clearly shown plotting the relative yields using the spectrum on the bare copper as a reference [ Fig. 6(c) ]. Photon emission on the Cu 3 N nanocrystal has double efficiency of the Cu(110) surface in most of the spectral window, but decreases to a similar value at about 0.05 eV before the cutoff set by the bias voltage (1.6 eV). We note that this particular crystal has a QW state at 0.05 eV above E f . The light onset at hν = 1.55 eV is then interpreted as due to inelastic tunneling into this localized state as final state. This radiative transition emits light in parallel to transitions into E f , the radiative channel active all over the Cu 2 N layer, thus explaining the larger LE efficiency of the nanocrystal.
The evolution of LE yield spectra with the applied bias reveals additional radiative transitions within the nanocrystal. voltage for a nanocrystal with a QW state at 0.8 eV. The corresponding dI/dV s spectrum of the nanocrystal is shown in Fig. 7(b) . The spectral map shows several onsets of emission at photon energies that evolve linearly with the applied bias (dashed lines I, II, and III). These onsets indicate the maximum photon energy for a given transition, i.e., hν = eV s − E final , and therefore, they are a fingerprint of the electronic final state driving the photon emission [shown with arrows in Fig. 7(b) ]. At the energy of the S 1 resonance, radiative transitions into E f (I) vanish. Above it, light from transitions into the QW resonance (II, onset hν = eV s − E QW ) appear still in the spectra, but with less intensity. A new transition into the S 1 resonance (III) appears as the photon energy hν eV s − E S 1 reaches the spectral window of our setup, and also decreases in intensity at the bias of resonance S 2 . At this point, a peak at a fixed photon energy ∼1.9 eV (labeled Lm) develops over an otherwise featureless yield spectrum. Contrary to the voltage dependence of photon yield onsets I, II, and III, the position of the Lm peak is independent of the applied sample bias [also shown in Fig. 8(a) ]. This suggests that this emission process arises from transitions between two resonances in the nanocrystal, i.e., a luminescence-like process [16] . In fact, the peak's energy agrees with the energy difference between resonances S 2 and S 1 , which would be then initial and final states in the radiative electron transition [16] .
An interesting outcome of the spectral map is that it allows us to compare the quantum efficiency (QE) of the intraluminescence process Lm with that of channels I-III. The fraction of light emitted by the Lm luminescence channel is estimated from the ratio of areas of the Lm peak and background, using (plasmon-normalized) yield spectra like in Fig. 8(a) [29] . This allows us to obtain the relative strength of the Lm channel over the total light emission, independent of the specific plasmon structure of the tip. Figure 8 (b) plots the evolution of the QE with the tunneling bias for both the total light emission (in the spectral range of our detector) and the Lm emission channel. The total QE increases until V s ∼ 3.6 eV, when the applied bias reaches the value of resonance S 2 . From the map in Fig. 7 , we identify these photons as coming from direct electron decay into resonance S 1 (transition III). As soon as resonant tunneling through S 2 becomes active, the light emission from this radiative channel decreases [30] . The S 2 → S 1 transitions (Lm) can then be detected, with QE peaked at the value of resonance S 2 , and leveling off above it to a roughly constant plateau. This emission channel is only active to electrons tunneling resonantly through the S 2 state, but its efficiency is small (a factor of 15 smaller than the total QE). This fact indicates that resonant tunneling through localized states in the nanocrystals has a weaker radiative (inelastic) cross section. For energies above the S 2 state, the Lm emission will occur after the tunneling electron has undergone a low-energy transition from its initial state to the intermediate state S 2 [process IV in Fig. 8(c) ]. The radiative efficiency of channel IV is presumably small because of the lower plasmon enhancement in the mid-infrared range (and in any case, could not be detected, because it lies outside the spectral window of our detector). Therefore, the efficiency of the Lm process decreases gradually with applied bias. 
III. CONCLUSIONS
We have shown that Cu 3 N nanocrystals appear embedded into the surface of a Cu(110) substrate after extensive dosing of N + ions. The crystals behave as quantum electron boxes with enhanced efficiency for the emission of light from tunneling electrons. The spectral analysis of the emitted light revealed that multiple electroluminescence channels operate in parallel, explaining the larger efficiency. Most of the light comes from direct inelastic transitions of tunneling electrons, decaying into nanocrystal states. Electrons injected directly at resonances show a weaker radiative behavior, but still produce detectable intracrystal luminescence transitions. These results demonstrate that various radiative decay channels act additively in the conversion of electrical to optical energy, and in this way may improve the photon emission efficiency of quantum electron boxes.
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APPENDIX: NORMALIZATION OF LIGHT SPECTRA
The number of photons per energy is governed by the number of tunneling electrons and their probability of undergoing a |i → |f decay. This probability, given by Fermi's golden rule [10] , is enhanced at the frequency of cavity resonant modes in the surrounding of the emitter, the so-called Purcell's effect [31] . In the STM junction, the modes are those due to surface plasmon states confined in the cavity formed by the tip and the sample.
Surface plasmons of noble metals typically exhibit resonances in the window between 500 nm and 1000 nm spectral wavelength [32, 33] . These plasmons dominate the spectral function of the emitted photons, appearing as features [as in Fig. 9(a) ] that crucially depend on the tip shape [32] [33] [34] [35] .
hν (eV) To remove such tip-dependent plasmonic features, and to be able to qualitatively compare data from different tips and under different tunneling parameters, we normalize light emission spectra by the electron current and time (i.e., the number of electrons used for the experiment) and by a reference spectrum I ref (hν) taken with the corresponding tip on a bare metal region (also normalized by current and time). We name the resulting normalized spectra as "spectral yield" in the paper, defined as Y (hν) = I (hν)/I ref (hν) . The reference spectrum is measured at a bias voltage V bg lying well above the spectral range of the plasmonic features and, hence, of the photon emission energy range.
The number of photons emitted with a certain energy value hν depends also on the possible number of |i → |f transitions allowing such photon emission within the energy window defined by the applied bias. The number of such transitions thus scales as eV hν dε ∼ |eV | − hν, where necessarily |eV | > hν. Hence, there are fewer photons as their energy approaches eV s . Such behavior persists when the spectra is normalized by a background spectrum taken at V bg > V . In this case, the spectral yield function Y (hν) decreases smoothly as ∝ |eV |−hν |eV bg |−hν . Figure 9(b) shows that, as explained here, the normalized light spectra on a bare metal from Fig. 9(a) follow a monotonically decaying plot becoming zero at photon energies equal to eV s . This is also the behavior of yield data in Fig. 6(b) of the main text.
The spectral yield as in Fig. 9(b) is a tip-independent function that can be used to compare data quantitatively from several tips (as far as each is normalized separately), with the particular care that the tips need to be active for emitting light in the energy range of inspection.
